We demonstrated gate voltage control of spin precession in InGaAs mesoscopic ring arrays based on Rashba spin orbit interaction (SOI). We employed 100 nm ALD Al 2 O 3 and 150 nm sputtered SiO 2 gate insulators combined with large and small ring arrays to compare the gate sensitivity for the spin precession. Al'tshuler-Aronov-Spivak (AAS) oscillations were clearly observed and the oscillation phases at B = 0 switched between negative and positive by changing the gate bias voltages V g . It corresponds to the electrical manifestation of spin rotation due to the Rashba SOI. The spin precession angle of 2π is achieved by changing V g for 0.6 V in large ring array with Al 2 O 3 gate whereas V g for 5.4 V in small ring array with SiO 2 gate. We can explain enhancement of the gate sensitivity in Al 2 O 3 gate by taking the gate control of Rashba SOI parameter α and the different ring diameter into account.
Introduction
Semiconductor spintronics is the research field where both spin and charge degrees of freedom are utilized in semiconductors. For realizing novel functional devices based on spins, i.e., a spin field effect transistor (spin FET) (1) , one of the crucial technologies is the electrical spin manipulation without any external magnetic field (2, 3) .
In III-V semiconductor heterostructures, Rashba spin orbit interaction (SOI) caused by structural inversion asymmetry lifts the spin degeneracy of the electron subband and it results in the spin splitting at the Fermi level in the absence of external magnetic field (4) . This effective magnetic field due to the Rashba SOI is originated from both the microscopic Coulomb potential induced by the atomic core and the macroscopic potential gradient caused by the heterointerface and the band bending in semiconductor heterostructures (5) . Although the microscopic electric field is a material constant parameter, the macroscopic electric field can be modulated by the external gate bias on top of the two dimensional electron gas (2DEG). Taking advantage of the effective magnetic field induced by the Rashba SOI, spin generation (6 -9) , spin manipulation (10 -13) , and spin detection (6, 8, 9) are theoretically proposed and some of them are experimentally demonstrated. A mesoscopic Stern-Gerlach spin filter has been proposed by introducing the spatial gradient of the Rashba SOI strength (6) , in which no ferromagnetic electrode is needed for the spin generation and detection. In a lithographically defined mesoscopic ring structure, a spin interference device has been proposed using the Rashba SOI (14) , where the spin rotation by applying the gate voltage is detected as the phase shift of the electron wave packets traveling clockwise and counter clockwise directions along the ring, and experimentally demonstrated with small arrays of ring (15) , square ring arrays (16) , and a single ring (17) . Also, in the presence of a time dependent gate bias, spin current generation and its electrical detection are predicted by employing the spin dependent force acting on the opposite directions due to the time variation of Rashba SOI (8, 9) . Accordingly, the gate sensitivity of Rashba SOI plays the crucial parameter to realize the predicted spin functionalities in semiconductor spintronics. For efficiently modulating the potential gradient, which leads to the wide range control of the Rashba SOI, the gate insulator is significantly important. While SiO 2 has been widely used as the gate insulator for manipulating the Rashba SOI (10 -13), recently, high-k dielectric materials have been paid much attention and are required for advanced CMOS technology. Thus, for electrical manipulation of the spin precession, we also employed the Al 2 O 3 deposited by atomic-layer deposition (ALD). Since the dielectric constant shows higher value in Al 2 O 3 than that in SiO 2 , we expect that the Al 2 O 3 gate insulator enables to control the electrical spin precession with higher gate sensitivity in mesoscopic ring structures.
In this paper, we firstly explain origin of the Rashba SOI and the spin interference effect utilizing the Rashba SOI in a mesoscopic ring structure. Periodic oscillation of the resistance is expected by modulating the Rashba SOI in a spin interference device. We then present an experimental demonstration of the gate controlled spin interference using mesoscopic InGaAs 2DEG ring arrays. We employ 100 nm Al 2 O 3 and 150 nm SiO 2 gate insulators combined with the large and small ring arrays, and compare the gate sensitivity of the spin precession. Spin precession angle of 2π is achieved by changing the gate voltage for 0.6 V in large ring array with Al 2 O 3 gate whereas the gate voltage for 5.4 V in small ring array with SiO 2 gate, which shows 9 times higher sensitivity for the spin precession in the Al 2 O 3 gate insulator based ring array.
Origin of Rashba SOI
SOI, where the orbital motion of electrons is coupled with the orientation of electron spins, is originated from the relativistic effect. The Hamiltonian of the SOI for one particle model in a vacuum is described (18)
where µ B is the Bohr magneton, σ is the Pauli spin matrices, p is the electron momentum, E is the electric field, m 0 is the free electron mass, and c is the speed of light. The 2m 0 c 2 is the energy gap between an electron and a positron. This is called Dirac gap and its energy scale is about 1 MeV resulting that the SOI is negligible in the case of nonrelativistic momentum. However, in a semiconductor heterostructure, the Dirac gap replaces to the energy band gap and reduces to ~1 eV according to the k·p perturbation theory (5, 11 This effective magnetic field is perpendicular to both the electron momentum and the internal electric field. In solids, the electron wave packet is modulated by both a Bloch function and an envelop function. Another enhancement of the SOI is caused by the Bloch part since the electron momentum and the electric field are enlarged by the quickly oscillating electron wave and the strong confinement around the atomic core (5). In III-V semiconductor heterostructures, structural inversion asymmetry of the quantum well (QW) lifts the spin degeneracy leading to the effective magnetic field due to the Rashba SOI (4). The Hamiltonian of Rashba SOI in an asymmetric QW is (5)
where α is the Rashba SOI parameter, ћ is Planck's constant, σ is the Pauli spin matrices, z e is the unit vector in the z direction, which is perpendicular to the QW plane. The spin splitting energy at the Fermi level is given byΔ R = 2αk F , where k F is the Fermi wave number. When we compare the Zeeman energy described byΔ Z = 2µ B B, an effective magnetic field is shown in B eff = αk F / µ B . According to the k·p perturbation theory (11),
E p is the interband matrix element, Ψ(z) is the wave function for the confined electron, E F is the Fermi energy, E Γ7 (z) and E Γ8 (z) are defined as the band-edge energy of the spin split-off band and the highest valence band, respectively. By applying the gate bias voltage to the asymmetric QW, potential gradient as well as the position of the wave function is modulated in eq. [4] leading to the gate control of Rashba SOI parameter. Since B eff is proportional to α, we can control the effective magnetic field by the external gate bias voltage (10-13).
Spin interference effect in mesoscopic ring structure
A mesoscopic ring structure exhibits several quantum interference effects acquired by the electron orbital phase as well as the spin phase. When two separated packets of the electron wave travel half way of each ring arm under the external magnetic field, they interfere each other at the junction point resulting in Aharonov-Bohm (AB) effect (19) , which is the modulation of the electron orbital phase by the enclosed magnetic flux. The AB effect is sample specific due to the different path geometry in ring arms and, as a result, very sensitive to the Fermi wavelength. On the other hand, in the case of Al'tshuler-Aronov-Spivak (AAS) effect (20) , where two separated packets of the electron wave travel completely around an identical path and return to the incident point with opposite directions, any orbital phase induced by the path geometry will be identical. Thus, the constructive interference is acquired at zero magnetic fields when the SOI is absent. Once the magnetic field is applied, vector potential shifts the electron orbital phase resulting in the periodic oscillation of the resistance, i.e., AAS oscillations. In the presence of Rashba SOI, the AAS effect is also sensitive to the spin phase (14) . Since the effective magnetic field depends on the direction of electron momentum as shown in eq. [2] , electron spins of the wave packets moving clockwise and counter clockwise directions rotate with opposite phases and it causes the spin phase shift at the incident point. By applying the gate bias voltage on top of the sample surface, the effective magnetic field caused by the Rashba SOI changes the spin phase due to the modulation of spin precession frequency. Consequently, the phase shift of AAS oscillation by the gate bias voltage is the manifestation sign of the spin interference effect in a mesoscopic ring structure.
In the presence of the magnetic field and electric field in a one-dimensional ring, the one particle Hamiltonian is described by (21)
where p is the electron momentum, A is the vector potential, E is the electric field, and m * is the effective electron mass. We can easily deduce the spin-orbit term in the above Hamiltonian under the absence of the magnetic field by neglecting the higher-order term
Second term of right-hand side in eq. [6] is directly coupled with the SOI. To consider the electron moving around the ring, we transform the Hamiltonian in eq. [6] to the cylindrical coordinates (22) ( ) 
Φ is the magnetic flux passing through the ring given by B z πr 2 , the external magnetic field B z is perpendicular to the ring plane, Φ 0 is h/e, σ x,y,z are the Pauli spin matrices, φ is the polar angle, and ω B = 2µ B B z /ћ is the Larmor frequency. Since the AAS oscillation occurs near zero magnetic fields, we can neglect Zeeman contribution which is the 4 th term in eq. [7] . Then, calculated eigenvalue is (18), By applying the gate bias voltage, the resistance oscillates due to the modulation of the Rashba SOI parameter α, which is the clear evidence of the spin interference effect. , 16 (4) 39-49 (2008) 75BE) at T s = 200 ºC. We used trimethyl aluminum (TMA) and deionized water as the precursors. Before ALD, the sample surface was rinsed by deionized water and annealed at 100 ºC for 1 min. During the deposition, carrier gas flow, pulse time, and purge time for both TMA and water were 200 sccm, 0.1 sec, and 4.0 sec, respectively. Total pulse / purge cycle was 1000 times for the 100 nm deposition. 150 nm SiO 2 was deposited on the small ring array by RF magnetron sputtering at room temperature. Ar gas flow and RF power were 0.6 sccm and 100 W, respectively. Deposition rate was 2.74 nm/min. Both sample size were around 15 mm × 15 mm square. We measured magnetoresitance oscillations in the two different ring arrays by changing gate bias voltages, V g . The external magnetic field was applied perpendicular to the QW plane. The Rashba SOI parameter was derived from the weak antilocalization of the magnetoresitance measurement in the Hall bar device. Sheet carrier density, N s , is determined by Shubnikov de Haas oscillations for the large ring array and Hall measurement for the small ring array. All the measurements were preformed with a 3 He cryostat refrigerator at T = 0.27 K. 
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SiO i ε = 2.57, induces the enhanced dN s /dV g of InGaAs 2DEG in Al 2 O 3 gate sample. By measuring the magnetoresistance in the Hall bar device with SiO 2 gate, weak antilocalization is obtained as shown in the inset of Fig. 3 . We derived the Rashba SOI parameter α by fitting the data with Iordanskii, Lyanda-Geller, and Pikus (ILP) theory which takes into account the Dyakonov-Perel' spin relaxation mechanism originated from the SOI (28) . Figure 3 shows sheet carrier density dependence of the Rashba SOI parameter α. As the carrier density, i.e., the gate bias, increases, α decreases from 4.6×10 -12 eVm to 2.4×10 -12 eVm. This is because the degree of structural inversion asymmetry becomes small in the QW resulting in the decrease of the effective magnetic field. It is noted that the Rashba SOI parameter α shows an identical dependence for the carrier density in the same QW structure, but not for the gate bias voltage. The spin interference effect was investigated by measuring the magnetoresistance oscillations in large and small ring arrays with different gate bias voltages. , 16 (4) 39-49 (2008) and (b) show the resistance versus magnetic field at V g = -0.9 V and -6.0 V for the large and small ring arrays, respectively. Magnetoresistance in both cases clearly oscillates near zero magnetic fields, which corresponds to the AAS oscillations. Different frequencies of the AAS oscillation originate from the ring diameter. Since the AAS oscillation period is given by ∆B = h/(2eπr 2 ), larger ring diameter shows fast oscillation due to the rapid phase shift by the vector potential. ∆B shows 0.77 mT and 3.1 mT for the large and small ring arrays, respectively, which brings about 2r to be 1.85 µm for the large ring and 0.92 µm for the small ring. These values agree well with the average diameter between d o and d i of the each ring measured by SEM images, which shows 1.84 µm and 0.96 µm, respectively. Figure 5 shows color-scale plots of the AAS oscillations with different gate bias voltages. We can clearly see that the AAS oscillations in both ring arrays switch their phases at B = 0 T as a function of V g . This is the experimental demonstration of the gate controlled spin interference effect. Since the external gate bias changes the effective magnetic fields inside the QW, the electron wave packets moving opposite ring directions generate either constructive or destructive interference depending on the spin phase shift at the incident point. Each period of the oscillation represents the spin precession angle of 4π for an electron moving around the ring. In eq. . We note that the spin precession period for V g is drastically changed in different gate insulator samples. 2π spin precession is achieved for ∆V g = 0.6 V in the large ring array with Al 2 O 3 gate whereas ∆V g = 5.4 V in the small ring array with SiO 2 gate, which results in 9 times higher gate sensitivity in Al 2 O 3 gate. One of the contributions for the high gate sensitivity is different ring diameters between Al 2 O 3 and SiO 2 samples, where the diameter of the large ring doubles to the small ring. In eq. [9] , it is expected that the oscillation frequency of the large ring array will exhibits twice as fast as the small ring. However, we cannot explain more than twice the ∆V g between Al 2 O 3 and SiO 2 gate samples. Additional contribution to explain large difference of ∆V g originates from carrier variation for the gate voltage, dN s /dV g . Since the resistance oscillation also depends on the gate bias dependence of the Rashba SOI parameter α, dα/dV g determines the spin precession frequency. We can easily find that the dN s /dV g dominates the period of spin precession due to dα/dV g = (dα/dN s )·(dN s /dV g ), where dα/dN s does not change in the identical QW structure. dN s /dV g exhibits 3.6 times larger in the large ring array with Al 2 O 3 gate as shown in Fig. 2 . As a result, it is expected that the ∆V g for spin precession angle of 2π in large ring array with Al 2 O 3 gate requires 7.2 times less than that in small ring array with SiO 2 gate. Taking these considerations into accout, the estimated ∆V g becomes 0.75 V for Al 2 O 3 gate and it is consistent with the experimental value, ∆V g = 0.6 V. The gate controlled Rashba SOI combined with Al 2 O 3 gate insulator enabled us to obtain highly sensitive spin manipulation by the gate bias voltage due to large dielectric constant of Al 2 O 3 . Since no external magnetic field is required for manipulating the spin precession under the SOI, Al 2 O 3 gate insulator deposited by ALD will provide precise control of the spin precession in order to realize the semiconductor spintronics devices such as the spin FET (1). , 16 (4) 39-49 (2008) We have demonstrated the gate voltage control of spin precession based on the Rashba SOI by employing the large (outer diameter; d o = 2.06 µm) and small (d o = 1.3 µm) ring arrays with Al 2 O 3 and SiO 2 gate insulators, respectively. The magnetoresistance periodically oscillates near zero magnetic fields, which clearly shows the AAS oscillations in both ring arrays. The oscillation phases of AAS amplitude at B = 0 switches between negative and positive as a function of the gate bias voltage. It corresponds to the electrical manipulation of spin interference effect due to modulation of the Rashba SOI parameter α. Spin precession angle of 2π is achieved by changing the gate voltage for ∆V g = 0.6 V in large ring array with Al 2 O 3 gate whereas ∆V g = 5.4 V in small ring array with SiO 2 gate. By taking the gate sensitivity of α between Al 2 O 3 and SiO 2 insulators and ring diameters in to account, we can explain the enhancement of the gate sensitivity in the ring array with Al 2 O 3 gate due to higher dielectric constant in comparison with SiO 2 .
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